Rhamnolipids (RL) production by Pseudomonas aeruginosa PAO1 is a potentially attractive 12 route to add value to palm oil refinery agricultural by-products; palm fatty acid distillate 13 (PFAD) and fatty acid methyl ester (FAME). The results showed maximum RL concentration 14 of 3.4 and 2.5 g L −1 when using 10 g L −1 PFAD and FAME respectively; while using 20 g L −1
There are several factors that affect rhamnolipid production which include the carbon 48 source, nitrogen source and environmental factors. Pseudomonas aeruginosa is capable of 49 using water immiscible free fatty acid containing substrates such as sunflower oil, olive oil 50 esterification was then carried out using a 10:1 ratio of methanol to PFAD, with the addition 128 of sulfuric acid (2.5% weight of PFAD) as a catalyst. The reaction was then carried out at 129 100°C for 1 hour, using a reflux condenser. The product was then cooled, transferred to a 130 separating funnel and washed with hot distilled water until the bottom water layer becomes 131 evident and the pH reached 7. 132
Microorganism 133
Pseudomonas aeruginosa PAO1 was supplied by the School of Biomedical Sciences, 134
Ulster University from their culture collection. The strain was stored at −80°C as master 135 stock and working culture was preserved at 4°C on nutrient agar plates. 136
Media and Culture Condition 137
To prepare cultures P. aeruginosa PAO1 was first spread onto a nutrient agar petri 138 dish and incubated at 37°C for 24 h. There were two types culture medium used in this 139 fermentation. The first culture medium used for seed culture was the Protease Peptone 140
Glucose Ammonium Salt (PPGas) medium which consisted of 0. Fermentation experiments were conducted in 5 L shake flasks in triplicate, using 1L 147 of MM supplemented with the desired amount of glucose, PFAD or FAME and were carried 148 out at 37°C over three days. Inocula were prepared in two stages; in stage 1 50 mL of PPGas 149 medium containing 1% glucose in a 250 mL flask was inoculated with one loop of bacteria 150 into and grown at 37°C for 24 h. In stage 2, 40 mL of stage 1 culture were transferred to 400 151 mL PPGas media with 1% of glucose in a 2 L flask and grown for 24 h. For the preparation 152 of the final inoculum, 100 mL of stage 2 culture was centrifuged for 10 min and the cell 153 pellet resuspended in 100 mL of sterile distilled water. This was then used to inoculate the 1 154 L MM in 5 L shake flask. The initial concentration of the fermentation was maintain at 0.2 g 155 L −1 . 156
Growth Measurement 157
Cell growth was quantified by measuring optical density (OD) from which dry cell 158 weight (DCW) was calculated using a linear correlation = 0.4639( ) + 0.0276 with 159 2 = 0.87 for glucose and = 0.5871( ) + 0.1014 with 2 = 0.92 for fatty acid 160 substrate. PFAD and FAME were removed from samples by adding 0.5 mL of n-hexane to 161 1 mL fermentation broth and centrifuging at 13000 g using a Minispin Centrifuge 162 (Eppendorf). Cell biomass was re-suspended in 0.7% sodium chloride solution (physiological 163 saline) and the OD determined by measuring absorption at 600 nm using a UVmini-1240 164 Spectrophotometer (Shimadzu, USA). 165
Rhamnolipid Extraction 166
Rhamnolipids were extracted from 10 mL samples of fermentation broth. Firstly 167 samples were centrifuged for 10 min and the supernatant taken and acidified with1 M 168 hydrochloric acid to form a precipitate at pH 3. The acidified supernatant was then mixed 169 with an equal volume of ethyl acetate and shaken vigorously. The ethyl acetate washing 170 process was repeated three times, and lastly, traces of water present in the RL containingLtd, model RE300) at 70 °C to give a crude rhamnolipid biosurfactant extract. The RL 174 concentration was then determined gravimetrically. 
Gas chromatography analysis 192
To characterise the PFAD and FAME, 0.2 g of the PFAD, FAME and emulsifiedthickness: 0.25 µm) was used for separation of FAME compounds. The GC injection port 198 was set at 155°C, and the detector temperature was 220°C. The GC oven was programmed 199 with a temperature ramp from 155°C to 180°C at 2°C/min and then from 180°C to 220°C at 200 4°C/min. 201
Results and Discussion 202

Esterification of PFAD 203
Biodiesel or fatty acid methyl ester (FAME) has attracted much research and 204 industrial interest due to depletion of petroleum reserves, an increasing awareness of 205 environmental issues and drove towards sustainability (Hosseini et al., 2015) . FAME can be 206 produced from renewable resources that contain a high percentage of free fatty acids, such as 207 PFAD (Lokman et al., 2014) . One of the methods to derive FAME from renewable resources 208 is esterification, using methanol in the presence of an acid as a catalyst (Yadav et al., 2010) . 209
In this work, esterification using methanol and sulfuric acid was used to convert PFAD into 210 FAME. The esterification reaction significantly transforms the physical properties of PFAD 211 from solid to liquid FAME at room temperature. Due to this change, it was expected that the 212 availability of FAME in culture medium for fermentation process would be higher than that 213 of solid PFAD, thus promoting improved rhamnolipid production by P. aeruginosa PAO1. 214 analysed using GC-MS to determine any significant differences in fatty acid composition 217 between the substrates. Table 1 showed the main fatty acid components of PFAD, FAME and 218 emulsified PFAD after fermentation. As expected, PFAD and FAME contain the same fatty 219 acid components, as the methyl esters are derived from the fatty acids present in the PFAD. 220
The main elements of PFAD/FAME are stearic acid 50.18%, pentadecanoic acid 16.98% and 221 palmitic acid 16.91%. Meanwhile, the emulsified fraction of PFAD after fermentation was 222 42.9% stearic acid and 32.4% palmitic acid, which is consistent with Gapor Md Top (2010) . 223
This leads to the understanding that for PFAD substrate, primarily stearic palmitic acid was 224 available to P. aeruginosa PAO1 for growth and rhamnolipid production, with both fatty 225 acids emulsified in the culture medium. Other fatty acids might have formed sticky solids 226 clumps during the fermentation process, the formation of solid lumps which accumulated on 227 the surface of the culture media was observed during shake flask experiments. Meanwhile 228 for FAME, being liquid at room temperature may help to increase the availability of the free 229 fatty acid content to the microbial culture for growth and rhamnolipid production, mitigating 230 issues with poor emulsification of the PFAD substrate 231 PFAD and FAME have the potential to be utilised as renewable substrates for strain 232 growth and rhamnolipid production as they contain various types of free fatty acids at high 233 as a baseline control to allow for the major rhamnolipid congeners produced to be identified 258 and to compare growth, production, and yields to those obtained when using fatty acids from 259 PFAD and FAME (Zhang et al., 2012) . Steady growth and rhamnolipid production were P. aeruginosa PAO1 can grow and produce biosurfactant in minimal culture medium 303 using PFAD and FAME as sole carbon sources with a maximum crude RL concentration in 304 the range 3-3.5 g L −1 , which is in the middle range of reported RL production based on Table  305 2. The different effects of varying substrate concentration on RL production were seen in 306 Figure 1 , which were mainly due to the different physical characteristics of PFAD, being 307 solid at the fermentation temperatures compared with FAME which was in liquid form. This 308 plays an important role in the availability of the substrate to the strain and also how the 309 carbon sources are converted into RL. 310 Table 2 shows the comparison of results obtained from this study to those reported by 313 other researchers, in terms of maximum biomass produced (DCWmax), maximum rhamnolipid 314 produced (RLmax), biomass formed related to initial substrate (*YX/S, g g −1 ), product yield 315 related to initial substrate (*YP/S, g g −1 ) and volumetric productivity (PRL, g L −1 h −1 ) at 316 different concentrations of glucose, PFAD, FAME and other substrates used. In this study, 317 maximum RL production and the time taken to reach this point for each substrate 318 concentration were the criteria used to determine the *YX/S, *YP/S, YP/X and PRL. Generally, the 319 *YX/S,*YP/S, and PRL observed for glucose were significantly lower compared to PFAD and 320 FAME because using glucose shows lower growth and RL production throughout the 321 fermentation process. PFAD can be potentially used as low-cost renewable substrate for 322 rhamnolipid production using P. aeruginosa PAO1 as it shows better growth, substrate 323 conversion into the product and high productivity. 324
The most favourable free fatty acid substrate and concentration found in this study for 
Rhamnolipid Identification 334
The mass spectra (MS) of crude RL produced by P. aeruginosa PAO1 using glucose,during the fermentation experiments. Whilst dirhamnolipid were more abundant for all 344 substrates used the ratio of Rha-C10-C10 (mono) to Rha-Rha-C10-C10 (di) was greater in the 345 case of production from PFAD and FAME compared to glucose. For PFAD and FAME ratios 346 of approximately 1:2 and greater were observed, compared to a ratio of 1:1.3 for glucose. 347
This suggests that the substrate can be selected to favour the production of particular 348 Upasani, 2016). The CMC value for rhamnolipids produced from PFAD and FAME were 366 lowest when compared to those produced on other substrates such as waste cooking oil, 367 glycerol, molasses and sodium citrate, as shown in Table 4 . Table 4 , the EI for this study is lower when compared with rhamnolipids produced from other 373 substrates such as crude oil and waste cooking oil (Varjani and Upasani, 2016) . 374
The results of this study vary when compared with other reported research listed in in 375 degree of purity thus affecting the surface tension, CMC and emulsion index characteristics. 378
The concentration of the crude rhamnolipid has a significant effect on the functionality of the 379 biosurfactant as an emulsifier. 380
3.5
Effect of culture media on growth and production 382
In this section, we discuss the effect using either PPGas or minimal media on P. 383 aeruginosa PAO1 growth, rhamnolipid production and characteristics, yields and the cost of 384 culture media in 5 L shake flask fermentation using 20 g L −1 of PFAD as the sole carbon 385 source. A comparison between this study and a previous study by Nazren Radzuan et al., 386 2016 is noteworthy. Figure 4 (a) shows the dry cell weight for both media were almost the 387 same, 2.52 g L −1 using PPGas media and with minimal media, DCW 2.66 g L −1 . Meanwhile, 388 significant differences were found in rhamnolipid production on minimal media with 3. The ability of the rhamnolipids produced from PPGas media and minimal media to 400 reduce surface tension were similar, 29.00 mN m −1 and 31.73 mN m −1 .The EI with kerosene 401 and sunflower oil of rhamnolipid produced from minimal media also showed a higher result 402 of 40% and 45%, compared to rhamnolipids produced from PPGas with an EI of 25% and 403 30% for kerosene and sunflower oil respectively. Lastly, Figure 4 (d) shows the lower media 404 cost of rhamnolipid production using minimal media of £0.07 per litre, compared £2.40 per 405 litre when using PPGas media. This indicates that rhamnolipids produced from minimal 406 media performed better than those from PPGas media regarding production, yields, 407 characteristic and cost. The minimal media is the best for scale up in the bioreactor and has 408 greater potential to be commercialised for rhamnolipid production by P. aeruginosa PAO1 409 using PFAD as the sole carbon source. 410
Conclusion 412
The use PFAD and FAME as sole carbon sources for rhamnolipid production by P. Furthermore, both substrates PFAD and FAME have the potential to be used as renewable 416 substrates in larger scale RL production. Based on the results of this study, using minimal 417 media an estimated of 2 × 10 5 tonnes yr −1 of RL can be produced from the PFAD available 418 from palm oil refining, which at current RL prices can generate an estimated £200 million 419 gross income. Since PFAD is a low-cost by-product from palm oil refinery mills, this will 420 significantly decrease RL production cost. In addition, FAME can be further utilised by 421 providing a new value-added route for rhamnolipid production, rather than limiting use to 422 only the production of biofuels for transportation. This would be advantageous in a palm oil 423 biorefinery where the overall production strategy could be tailored to maximise added value, 424
with the flexibility to further convert FAME to biosurfactant in the face of market variation 425 for biodiesel. This flexibility is crucial for future palm oil biorefineries economic feasibility. 
Figure 2
Critical micelle concentration (CMC) of rhamnolipid from glucose, PFAD and 560 FAME. (■) Glucose, (•) PFAD and (▲) FAME. 561 Table 2 Comparison of maximum biomass produced (DCWmax), maximum rhamnolipid produced (RLmax), biomass formed related to 572 initial substrate (*YX/S, g g −1 ), product yield related to initial substrate (*YP/S, g g −1 ), product yield related to biomass formed 573 (YP/X, g g −1 ) and volumetric productivity (PRL, g L −1 h −1 ) on different concentration of glucose, PFAD and FAME. 574 *YP/S and *YX/S are using initial substrate fed, calculated only for this study 575 Table 3 Chemical composition and mono-to di-rhamnolipid ratio of rhamnolipid 577 mixture produced by P. aeruginosa PAO1 from mass spectrometry analysis. 
